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SUMMARY

Comparisonsof wind-tunneland flight-measuredvalues of stability
~d controlcharacteristicsare of considerableinterestto the designer,
sincethe ~nd-tunnel method of testing is one of the prime sourcesupon
whichestimatesof the characteristicsof a new configurationare based.
IIIthispaper comparisonsare made of some of the more importantstability
md controlcharacteristicsof three swept-wingairplanesas measured in
flightand in wind tunnels. Wind-tunneldata from high-speedclosed-
throattunnels,a slotted-throattransonictunnel, and a supersonictun-
nelare used.

The comparisonsshow that, generallyspeaking,the wind tunnels
predictall trends of characteristicsreasonablywell. There are, how-
ever)differencesin exact values of parameters,which couldbe attrib-
utedsomewhatto differencesin the model causedby the method of support.
Thesmall size of the models msy have some effect on measurementsof flap
effectiveness.When nonlinearitiesin derivativesoccur duringwind-
tunneltests, additionaldata shouldbe obtainedin the region of the
nonlinearitiesin order to predictmore accuratelythe flight character-
istics. Also, nonlinearitiesin static derivativesmust be analyzedon
thebasis of dynsmicmotions of the airplane. Aeroelasticcorrections
mustbe msde to the wind-tunneldata for models of airplaneswhich have
thinsurfacesand are to be flown at high dynsmicpressures. lklet
effectscan exert an influenceon the characteristics,dependingupon air
requirementsof the engine snd locationof the inlets.

.
%e informationin this reportwas also containedin a paper by

thesame authorsentitled: “Some Correlationsof Flight-Measuredand
Wind-TunnelMeasuredStabilityand ControlCharacteristicsof High-Speed
Airplanes.”The latterwas presentedto the Wind Tunnel and Model Testing
Panelof the NA!IOAdvisory Group for AeronauticalResearch and Development
atthe meeting in Brussels,Belgium,August 27-31, I-956.
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INTRODUCTION

One of the principaltools of the aircraftdesignerin predicting
the stabilityand controlcharacteristicsof a new airplaneis the USe

of models tested in wind tunnels. There is, of course,the question
whether the model results accuratelypredict characteristicsof the air-
plane in free flight or, in other words, the questionof the de~ee of
correlationbetween the two results. This problem has receivedconsid-
erable attention. Most of this work, reference1 for example,has been
performedat subsonicspeeds and indicatesthat, in general,good come.
lation can be obtainedwhen the model accuratelyrepresentsthe actual
aircraft,and the tests,both flight and wind tunnel, are carefully
performed.

Some work has been reportedon the correlationbetween the wind-
tunnel and flight-measuredstabilitycharacteristicsin the transonic
speed regime (ref. 2). Correlationsof transonicand supersonicresults
are currentlyof particularinterestin view of the availabilityof ~~
tunnels capableof testingthrough the transonicspeed range. Problems
of correlationsin this speed range sre complicatedby the compromises
imposedon the model by the mounting system;for example,sting supports
require that the rear end of the fuselagebe altered. It is also neces-
s~ in high-speedtunnelsto utilizemuch smallermodels-than were possi-
ble in the low-speedtunnels. The purpose of this paper is to present
some correlationsof severalof the more importantflight-measuredand
wind-tunnel-measuredstabilityand controlcharacteristicsof high-speed
airplanes.
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wing span, ft

damping-in-rollcoefficient,per radian

rolling-momentcoefficientper degree ailerondeflection

pitching-momentcoefficient

staticmargin,percentmean aerodynamicchord
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pitching-momentcoefficientper degree stabilizerdeflection

dsmping coefficientin pitch

normal-forcecoefficient

normal-force-curveslope,per deg

directionalstabilitypsrsmeter,per radian

wing mean aerodynamicchord, ft

airplanemoment of inertiain pitch, slug-ftz

stabilizerangle,negativewhen stabilizerleadingedge
down, deg

()‘t ~ - (it)F

Mach number

mass rate of air intake,

wing-tiphelix angle per

slugs/see

degree ailerondeflection,radians/deg

dynamicpressure, lb/sq ft

airplanewing area, sq “ft

true airspeed,ft/sec

distancefrom airplanecenter of gravity to air intake of
jet engine,ft

angle of attack,deg

pitchingvelocity,radians/see

pitching acceleration,radians/sec2

relativeelevator-stabilizereffectiveness
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Subscripts:

1 initial conditionat start of msneuver

F flight

WT wind tunnel

AIRPLANESAND TESTS

Three swept-wingairplanesare consideredin this study. All are
single engine,fighter-typeairplaneswith a sweep range from 35° to 600.
Much of the flight data were obtainedat an altitudeof 40,~0 feet with
some of the supersonicdata extendingto altitudesas high as 60jO00 feet.
The overallReynold.snumber variationwas from 8 million to 19.5 million.
The flight data were obtainedwith power on, involvingfor the most part
between 90 percent and 100 percent availablethrust.

The wind-tunneltests for these airplaneswere performedin the
followingNACA wind tunnels:

Langley8-foot transonictunnel
Iangley8-foot high-speedtunnel
Langleyhigh-speed7- by 10-foottunnel
Langley#- by #--footsupersonicpressuretunnel

All models were sting supportedand the forceswere measuredby
internallymounted strain-gagebalances. The Reynoldsnumber ranges of
the tests varied from 1.9 million to 3.6 million. The model tests were
made with no power simulationand the inletswere faired, except for air-
plane A which employedan open duct. There were differencesbetween the
models and the actual airplanesin most cases. These differencesand
the model scales are as follows:

AirplaneA (l/n-scale model)
8-foot transonictunnel
High-speed7- by 10-foottunnel

(1) The wind-tunnelmodel incorporatedan enlargementat the
rear end of the fuselageto accamodatethe sting support.

(2) The wind-tunnelmodel exposed-horizontal-tailarea was
maintained,and an increasedtail span thereforeresulted.

The plan form differencesfor airplaneA are shown in figure‘1.
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AirplaneB (1/16-scalemodel)
8-foot high-speedtunnel (closedthroat)
8-foot transonictunnel
7- by 10-foothigh-speedtunnel (closedthroat)
4- by 4-foot supersonicpressuretunnel

(1)

(2)

The wind-tunnelmodel incorporatedan enlargementat the
rear end of the fuselageto accommodatethe sting support.

The wind-tunnelmodel incorporatedconstsnt-percentage-
chord wing sections,whereas the airplanewing incorporated
similsrroot sectionsbut thickertip sectionsthan the
wind-tunnelmcdel. In addition,during tests in the 8-foot
high-speed(closedthroat)tunnel and the 4- by A-foot
supersonicpressuretunnel,the model was testedwithout
a cockpitcanopy.

AirplaneC (l/lA-scalemodel)
8-foot transonictunnel
4- by k-foot supersonicpressure tunnel

RESULTSAND DISCUSSION

One of the prime considerationsin the measurementof airplane
characteristicsis the lift-curveslope of the airplane. A comparison
of the variationof normal-forcecoefficientwith angle of attack for
airplaneA, as measured in flight and in the 8-foot transonictunnel at
Mach numbersof 0.76 and 0.9X, is shown in the upper part of figure 2.
The data are for trinmed conditions. As can be seen in this figure, the
correlationis reasonablygood in the linearrange. At angles of attack
above peak lift or above the break in the curve that are indicativeof
separatedflow, there are discrepancies. The lowerpart of this figure
shows the variationwith Mach number of the ratio of f13ght-determined
to wind-tunnel-determinednormal-force-coefficientslope for airplanesA
and B. These slopeswere taken at a normal-forcecoefficientclose to
the value for level flight. As can be seen, the resultsare within
10 percent of each other,with the flight-measuredvaluesbeing generally
higher. The transonicdata up to M = 1.15 were obtainedfrom the 8-foot
transonictunnel,the data at M = 1.2 from the 8-foothigh-speedtunnel,
and the higherMach number data were obtainedfrom the 4.-by A-foot super-
sonicpressuretunnel.

Determinationof the staticmargin is importantin establishingthe
necessg center-of-gravityposition for a configuration. The variation
of staticmargin ~ with Mach number is shown in figure 3 for air-

L
plane A, as measured in the 8-foot transonictunnel,and as me&sured in
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disturbances. The data are referencedto the same
position. This figure shows that similarvariations

of staticmargin with Mach number are exhibitedin the two sets of data.
The flight data, however,show a value of staticmargin consistently
higherby about 3 percent. It is believedthat differencesbetween the
model and the airplemeat the rear of the fuselageand horizontal-tailcon-
figurations(fig. 1) could accountfor these discrepancies. The lowerpart
of figure 3 shows the incrementaldifferencein staticmargin

%~
between the data from the two test mediums for airplanesA and B at
normal-forcecoefficientsfor level flight. As statedpreviously,the
data for airplaneA exhibita constantdifferenceof about 3 percent.
The flightvalues for airplaneB sre about 5 percent higher than the data
from the closed-throattunnelup to a Mach number of about 0.85. Above
this Mach number the differencedecreases,and at a Mach number of about
0.95 the wind-tunneldata show about 5 percent greaterstaticmargin
than that shown by the flight tests. This variationbetweenMach numbers
of 0.85 and 0.95 is believed to be causedby chokingeffects in the
closed-throattunnel. The results from the transonictunnel (slotted
throat) are similarto those from the closed-throattunnelup to a Mach
number of 0.813. Above this Mach number the differencein staticmargin
vsries scznewhat,but throughoutthe Mach number range of this test the
flight data show higher staticmargins by 1 to 5 percent. The higher
supersonicdata for airplaneB show similarincrementsin staticmargin.

In additionto checkingthe levels of longitudinalstability,it
is importantwith high-speedconfigurationsto establishthe variations
of stabilitywith angle of attack in order to explorefor the existence
of nonlinearitieswhich may lead to an undesirablecharacteristic,such
as pitch-up. l’ypicalvariationsof pitchingmcxnentwith angle of attack
for airplaneA, as measured in flight and in the 8-foot transonictunnel
at Mach numbers of 0.76 and 0.91, are shown in figure 4. The flight data
for the wing-fuselagepitching-mamentcoefficient(tail off) were obtained
from measurementsof horizontal-tailloads. It shouldbe noted that the
tail loads were measuredby strain gages mounted at the roots of the hori-
zontal tail and representonly the panel loadingwithout carry-overto.
the fuselage. Thesemeasurementsare in error, the~efore,by the unknown
smount of thecarry-over. The overall airplanepitchingman@ was
obtainedprimarilyfran flightmeasurementof the variationof stabilizer
anglewith angle of attack in acceleratedmaneuvers,turns, and pull-ups
made at constantMach number. These variationsof stabilizerangle with
angle of attackwere correctedfor pitching accelerationby the expression

IF

()
TF

Ait6=r
it
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The correcteddata were convertedto pitching-momentcoefficientby the
followingsmlified expression,which includesthe effectsof pitch
damping

%=-
(% +%)6’@Ji~ - iq) - ~v

h these calculationsthe pitching-momentcoefficientdue to sta-
bilizerdeflection ~.lt was assumedconstantover the angle-of-attack

range. The data of figure4 show that the pitching+nomentcurves from
the two sourcesare generallysimilar. At both Mach numberstinecom-
parisonbetween flight and wind-tunnelresultsyielded a differencein
the angle of attack for trim. At a Mach number of 0.76, however,the
nonlinearitiesoccur in the tunnel data at lower angles of attack and
the data do not exhibitthe large dip in the curve that is shown for the
flight results. This differencecouldpossiblybe accountedfor by the
lack of sufficientwind-tunneltest points to define such a variation,
since there is no wind-tunneltest point between an angle of attack of
10° and 12°, where such a dip might be expectedto appesr if it existed
in the wind-tunnelresults. The data at a Mach number of 0.91 are con-
sideredto be reasonablysimilar,both with tail off snd tail on. It
shouldbe pointed out that inspectionof the shape of the-pitching-moment
curvesis not sufficientto determinewhether or not a pitch-upproblem
exists. It has been found that pitch-up can .bea problem even with air-
planeshaving neutral stabilityor even slightlypositive stabilityin
the nonlinesrregion. The degree of stabilityabove the pitch-up is
also important. In order to evaluatepitch-up,it is necessary-tomake
calculationsof the motions of the airplanein dynsmicmaneuversby using
assumed=bitrary pilot controlinputs (ref. 3). It is believed that
thesewind-tunneldata representthe flight case closelyenough for such
calculationsto be of value in predictingthe maneuveringcharacteristics
of the airplane.

Another importantlongitudinalcharacteristics the variationwith
Mach number of the longitudinalcontroldeflectionrequired,forlevel
flight. Data of this type are shown in figure 5. The upper portion of
the figure shows the variationwith Mach number of the stabilizerdeflec-
tion for trim for airplaneA as measured in flight and in the 8-foot
transonictunnel. As can be seen, the variationsare generallysimilar
for the two tests,with flight-measureddata showinga larger change in
stabilizerdeflectionrequiredabove a Mach number of 0.90 than shown by
the wind-tunneldata. In the lowerportion of the figurewhere the dif-
ferencesbetween flight and wind-tunnelmeasurementare shown for air-
planesA and B, it can be seen that the differencebetween flight and
wind-tunneltrim values exceeds 1° of stabilizertravel only at a Mach
numberof 0..98for airplaneA. Over most of the range there is less
than 0.50 differencein stabilizerdeflectionrequiredfor trim.
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Although elevatorcontrolon high-speedairplanesis being rePhced
by all-movableor one-piecehorizontaltails, it appearsthat flap-type
rudders and aileronsmsy continueto be used. Some comparisonsof meas-
ured values of relativeelevator-stabilizereffectivenessare shown in
figure 6. The upper portion of this figure comparesthe variationsof
relativeelevator-stabilizereffectiveness T with Mach number as meas-
ured in flight and in the wind tunnel. This figure shows that there is ~
appreciabledifferencebetween the flight @ wind-tunneldata) partic-
ularly above a Mach number of 0.9 where a much largerdecreasein rela-
tive elevator-stabilizereffectivenesswas measured in flight than in
the wind tunnel. Data are shown in the lower psrt of figure 6 on the
basis of the ratio of flight-measuredto wind-tunnel-measuredvalues of
T for airplanesA and B. Although the values of T fr~ the two sources
are within 10 percent of one anotherbelow a Mach number of 0=8j the dif-
ferencesbetween flight and wind-tunnelvalues at transonicspeeds sre
as high as *25 percent. Somewhatbetter agreementis shown for the
supersonicdata than for the transonicdata. At a Mach number of 1.6 the
data for airplaneB are in perfect agreement,which msy be fortuitous.
The small size of elevatorsused on wind-tunnelmodels such as these
make the measurementdifficult.

Additionalflap-effectivenessdata are shown in figure 7 in which
some aileroneffectivenessinformationfor airplaneB is shown. In the
upper part of this figure the ratio of flight-measuredto wind-tunnel-

1
‘b b is shown as a functionof Mach number. The

‘easured‘alues ‘f m
flight-measuredvalues”are generallylower than the wind-tunnelvalues,
reachingonly 70 percent of the wind-tunnelvalues at Mach numbers above
O.go. This differenceis understandablewhen it is consideredthat the
wind-tunneldata for rolling-momentcoefficientwere obtainedunder static
conditionsand the aileroneffectivenesswas calculated,on the assumption
of freedomonly in roll, by the followingexpression

I c%p&=-
2V

c%

lh addition,it shouldbe noted that the outboardwing sectionsof the
airplanewere thickerthan those of the wind-tunnelmodel, as discussed
previously. Moreover,inasmuchas the damping-in-rollcoefficient

c%
was not measured for this model, values of C~ wed in the present

calculationswere based on thosemeasured for almost caparable wing
configurations. Better correlationwould probablybe obtainedif the
effectivenesswere calculatedby assumingfreedomin roll, yaw, and side-
Slip. In some cases it may be necessaryto includefreedom in pitch
and angle of attack as well. The usual testingtechniqueis to obtain
the flight data in rudder-fixedaileronrolls where the airplaneexperi-
ences motions about all axes. Aeroelasticityis not believedto be an
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tiportantfactor in the differencebetween results,because the flight-
iest resultsdid not show a significanteffect of dynamicpressurewithin
the r~e tested. The lowerpart of figure 7 shows the variationof
aileroneffectivenesswith Mach number for the two tests with the data
mbitrarily normalizedto the value of effectivenessexistingat M = 0.6.
The data show close agreementbetween the flight- and wind-tunnel-measured
variationof aileroneffectivenesswith Mach number. It appears,there-
fore,that if the level of aileroneffectivenesscould be determined
accuratelyfrom model tests at low speeds,it might be expectedthat the
wind-tunneltests could accuratelypredict the decreasein effectiveness
with increasingMach number.

Staticdirectionalstabilityof a new configurationis of importance
to the designersince it is one of the more importantparametersused in
determiningairplanebehaviorunder dynamic as well as static lateral
conditions. It has been found that many of the high-speedconfigurations
exhibitlarge changesin directionalstabilitywith angle of attack.
Typicaldata for airplaneA sxe shown in the upper portion of figure 8,
where the staticdirectionalstabilityderivative Cn

P
is plotted as a

functionof angle of attack. These data were obtainedin the 7- by 10-foot
tunnelat a Mach number of 0.70. There are no comparableflight data for
this case because of the difficultyof measurementin flight. As can be
seen in this figure,the directionalstabilityparameterbecomes zero at
an ule of attack of about 180. From data such as these, the variation
with Mach number of the angle of attack at which C

mined.

~ is zero was deter-

This boundary is plotted on the lowerpart of this figure. Also
shown are pointswhich representthe combinationsof angle of attack and
Mach number at which directionaldivergenceshave occurredin flight. It
shouldbe noted that, for any given Mach number,divergencesoccurredat
anglesof attackboth less than and greaterthan that requiredfor zero
directionalstability. It appe~s that, as in the case of pitch-up,
dynamicanalysisof the airplanemotions is requiredin order to assess
the problem.

Another variationof directionalstabilityof concernto designers
is that which occurswith changesin Mach number. Figure 9 relates the
variationof Cn

P
with Mach number as measured in the wind tunnel to

thatmeasured in flight for airplaneC. As can be seen, there are large
discrepanciesamountingto as much as ‘jOpercentdifferencebetween the
basic wind-tunneldata and the flight-measured-values.In the previous
cases shown, relativelythick airfoilsectionswere used on the empennage
and the dynamicpressurefor the tests was relativelylow, less than
400 pounds per square foot. In the present case the vertical-tailthick-
ness was about half that of the other airplanes,and the maximum dynamic
pressureexperiencedwas of the order of 8X pounds per square foot.
Aeroelasticeffectswere found to be of importance. When the wind-tunnel
data were correctedfor aeroelasticeffects,primarilybending and
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twistingof the verticaltail, the agreementbetween the data from the
two sourceswas improvedbut differencesas high as 20 percent still
remained. Because airplaneC has a large jet engine and a nose inlet,
the wind-tunneldata were then correctedfor inlet effectsby the
expression

As can be seen,when this correctionwas made, the wind-tunneltests
gave values of the directionalstabilityparsmeterthat were within
10 percent of the flightvalues throughoutthe Mach number range.

CONCLUDINGREMARKS

Comparisonsof wind-tunneland flight-measuredstabilityand control
characteristicsshowedthat the wind-tunneldata predictedall trends of
characteristicsreasonablywell. Discrepancieswere found in exact values,
which may be attributedto differencesin the models causedby mounting
considerationsand, in the case of controleffectivenesses,to the small
size of the models. Where nonlinesritiesin derivativesoccur during
wind-tunneltesting,it may be necessaryto obtain additionaldata points
in the region of the nonlinesritiesin order to predict”moreaccurately
the flight characteristics.Nonlinesritiesin staticderivativesshould
be analyzedunder dynamic conditions. Aeroelasticitymust be considered
in evaluatingdata dealingwith thin airfoilsand high dynamicpressures.
Inlet effectscan be important,dependingon the size of the engine and
the locationof the inlets.

High-SpeedFlight Station,
NationalAdvisoryCommitteefor Aeronautics,

lliwsrds,Calif.,August 21, 1956.
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